The role of anthropogenic aerosols in future projections (up to 2100) of summertime precipitation and precipitation extremes over the Asian monsoon region is investigated, by comparing two sets of the Community Earth System Model (CESM1) large ensemble simulations under the Representative Concentration Pathway 8.5 scenario (RCP8.5) and the corresponding scenario with aerosol fixed at 2005 levels (RCP8.5_FixA). The model is verified to be performing well in capturing presentday (1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005) climate and precipitation extremes. Our results suggest that the Asian monsoon region would become progressively warmer and wetter in the future under RCP8.5, while precipitation extremes will be significantly aggravated due to anthropogenic aerosol mitigation, particularly over East Asia. Specifically, aerosol reductions are found to shift the distribution of precipitation mean and extremes to larger values. For example, aerosol reductions would result in an increased likelihood of extreme precipitation (e.g. the maximum consecutive 5-day precipitation amount) and related disasters. Sensitivities of changes in precipitation mean and extremes to local warming from aerosol reductions are much larger than that from greenhouse gas increases. This is particularly important over East Asia in accordance with larger magnitudes of aerosol reductions compared to South Asia. Finally, by investigating the response of the climate system to aerosol changes, our findings demonstrate that aerosol induced precipitation changes would be dominated by aerosol-radiation-cloud forcing over northern East Asia and aerosol forcing induced large-scale circulation anomalies over southern East and South Asia.
Introduction
The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) concluded that "warming of the climate system is unequivocal and almost certainly caused by anthropogenic activities" (Flato et al. 2013; Stocker 2014) . While climate change leads to variations in a wide range of aspects, it is most directly perceived by the public through increased frequency, duration and intensity of weather and climate extremes (Hansen et al. 1998; Peterson et al. 2013; Sillmann et al. 2013c) . Climate extremes, defined as climate or weather events exceeding certain thresholds near the upper (or lower) end of the range of observations, can occur from the combined effects of natural variability and external anthropogenic forcings (Easterling et al. 2016) . These extreme events pose tremendous risks to both human society and natural systems (Easterling et al. 2000; Knapp et al. 2008; Mascioli et al. 2016; Wang et al. 2016) . For example, the 2003 European summer heat wave was estimated to cause well over 30,000 deaths (Brücker 2005) . The 2011 floods in central and southern China affected over 36 million people with at least 355 deaths, and resulted in a direct economic loss of nearly US$6.5 billion (Van Rij 2016) . As such, reducing the uncertainty in future projections of climate extremes is of utmost importance . In particular, precipitation extremes have been given specific attention given the importance of the hydrological cycle for water resources, health, agriculture, and ecosystems worldwide (Giorgi et al. 2011; Sillmann et al. 2013a, b, c; Polson et al. 2014; Freychet et al. 2015 Freychet et al. , 2016 .
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The extensive Asian Summer Monsoon (ASM)-spanning South Asia (SA), Southeast Asia, and East Asia (EA)-is essentially driven by the large-scale thermal contrast arising from the different heat capacities of land and ocean in response to the seasonal changes in solar radiation reaching the Earth's surface (Li et al. 2016b) . The ASM plays a significant role in large-scale climate variability over much of the globe, and monsoon precipitation is crucial for the socioeconomic well-being and agriculture of billions of people. Asia, the world's most populated and fastest developing region, has witnessed dramatic economic, urban and industrial growth and has been the world's largest source of aerosols and their precursors over the last few decades (Li et al. 2016b ). For instance, it was estimated that soot emissions grew by a factor of three in India and a factor of five in China during , while sulphur emissions increased sevenfold in India and tenfold in China (Ramanathan et al. 2007) . From 2000 to 2014, as estimated by the Community Emissions Database System (CEDS), black carbon (BC) and organic carbon (OC) emissions follow similar increasing trends to those in the late twentieth century in most Asian countries (Crippa et al. 2016 ). In contrast, recent sulphur dioxide (SO 2 ) emissions are reported to show a downward trend over China but to still increase over India (Lu et al. 2011; Li et al. 2017a ). The representative concentration pathway scenarios (RCPs) (Riahi et al. 2007; Lamarque et al. 2011; Van Vuuren et al. 2011 ) project, to varying extents, a decline of anthropogenic aerosol and aerosol precursor emissions worldwide over the coming decades, due to positive mitigation policies aimed at alleviating air pollution (Westervelt et al. 2015) . In particular, significant aerosol reductions are expected over much of Asia due to stringent legislation. Since aerosols have long been found to significantly modulate climate locally and globally, it is important to understand and quantify whether precipitation extremes may change in response to future changes in aerosol emissions.
The availability of long-term global scale observations and improvements in climate modelling have allowed advances in our understanding of past changes of precipitation and precipitation extremes (Sen Roy and Balling 2004; Zhai et al. 2005; Orlowsky and Seneviratne 2012; Singh et al. 2014; Zhou et al. 2014; Freychet et al. 2015 Freychet et al. , 2016 Dong et al. 2016; Wang et al. 2016 Wang et al. , 2017 . For instance, the enhancement of the hydrological cycle is suggested to lead wet (dry) regions to become wetter (drier) (Held and Soden 2006; Tebaldi et al. 2006; Singh et al. 2013 ). This wet-getwetter paradigm, especially valid in the zonal-mean sense, is projected to continue in the future in response to continued warming, especially over the Northern Hemisphere (Min et al. 2011; Sillmann et al. 2013a, b, c) . Changes in precipitation and precipitation extremes have so far been attributed variously to both internal natural variability (Chung and Ramanathan 2006; Qian and Zhou 2014) and external forcings, including greenhouse gases (GHGs) and aerosols (Polson et al. 2014; Mascioli et al. 2016; Lau and Kim 2017; Ma et al. 2017) . Changes in mean precipitation have been largely linked to the variation in the water vapour holding capacity of the atmosphere with global-mean temperature in response to changes in a forcing agent-as specified by the Clausius-Clapeyron (CC) scaling, at a rate of 7% K −1
. However, this thermodynamical control on precipitation changes is partially offset by a slowdown of the atmospheric circulation in order to satisfy global energetic constraints, resulting in a much smaller change per unit warming (1-3% K −1 ) (Allen and Ingram 2002; Wentz et al. 2007; Pendergrass and Hartmann 2014; O'Gorman 2015; Burke and Stott 2017) . Precipitation extremes are mainly constrained by lowertropospheric moisture availability and supply within individual weather systems that are more related to local-scale, short time period effects rather than the global-scale energy budget. Although precipitation extremes follow the CC relation more closely than mean precipitation , deviations have been observed, including changes at a super-CC scaling, due to the influence of multiple thermodynamic and dynamic factors (Caesar and Lowe 2012; Westra et al. 2013) . Besides, studies also claim that regional precipitation extremes scale more strongly with dew point temperature rather than absolute temperature, e.g., over India Mishra 2017, 2018; Mukherjee et al. 2018) .
By directly absorbing or scattering solar (and, to a much lesser extent, terrestrial) radiation, aerosols can disturb the Earth's radiation budget (the direct radiative effect) (Haywood and Ramaswamy 1998) and hence impact surface temperature (Mateos et al. 2013 ). In addition, by acting as cloud condensation nuclei (CCN) or ice nuclei (IN), aerosols modify cloud microphysical properties (referred to as aerosol-cloud interactions or aerosol indirect effects) including cloud lifetime and cloud albedo, and thereby influence precipitation formation through complex mechanisms (Boucher et al. 2013; Polson et al. 2014; Fan et al. 2016; Lohmann et al. 2016) . Furthermore, absorbing aerosols can also "burn off" clouds (the semi-direct effect) and hence perturb the thermal structure of the atmosphere through heating the layers where they reside (Koch and Del Genio 2010) . However, a number of factors, including aerosol's heterogeneous spatial distribution, short life time, varied composition, as well as uncertainties in aerosol-cloud-climate interactions, make identifying the impact of aerosols on precipitation processes particularly difficult (Malavelle et al. 2017) .
A number of studies have shown that aerosols have substantial effects on precipitation and precipitation extremes (Ramanathan et al. 2005; Polson et al. 2014; Sanap et al. 2015) via complex, and in some cases, competing mechanisms. For instance, increases in aerosols during the twentieth century have been found to contribute remarkably to the decrease in the Northern Hemisphere precipitation (Polson et al. 2013) ; the meridional shift of the Inter-Tropical Convergence Zone (Hwang et al. 2013) , the weakening trend of the South Asian summer monsoon (Bollasina et al. 2011) , the so-called summer "Southern-Flood-Northern-Drought" (SFND) pattern over the East China (Gong and Ho 2002; Song et al. 2014; Deng and Xu 2016; Li et al. 2016) , as well as the shift of rainfall towards heavy mode over the East China (Ma et al. 2017) . By investigating changes in temperature and precipitation extremes under different future emission scenarios, it was found that future GHG-induced changes will be strongly exacerbated under global aerosol reduction (Sillmann et al. 2013c ). In addition, aerosols are suggested to have competing influences which offset GHG effects at regional scales such as over North America (Mascioli et al. 2016 ). More recently, it was suggested that future aerosol reductions will lead to a significant increase in precipitation extremes over Asia ), a topic we investigate further here.
Despite recent advances in our understanding of aerosol-monsoon interactions, the extent to which anthropogenic aerosols affect the monsoon and the underlying mechanisms are still largely uncertain. In particular, identifying the aerosol imprint on precipitation extremes is even more challenging. In this study, we seek to quantify the effect of anthropogenic aerosol reductions on future projections of summertime precipitation extremes over Asia using simulations from the Community Earth System Model Large Ensemble (CESM-LE) (Kay et al. 2015) . The availability of a large ensemble of experiments allows us to investigate the effects of anthropogenic aerosols while accounting for the uncertainty associated with internal variability of the climate system. The remainder of the paper is organised as follows: data and methods used are described in Sect. 2. The CESM-LE performance in simulating observed historical (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) precipitation and precipitation extremes is evaluated in Sect. 3. Next, we examine the twenty-first century (2006-2100) spatio-temporal evolution of mean and extreme precipitation, and identify the impact of anthropogenic aerosol changes, including the possible underlying mechanisms in Sect. 4. Finally, discussion and conclusions follow in Sect. 5.
Data and methodology
The main dataset used in this study consists of a unique set of twentieth and twenty-first century transient experiments conducted with the CESM1 fully-coupled oceanatmosphere-land-sea-ice model at a horizontal resolution of 0.9° × 1.25° in the atmosphere (1° × 1° in the ocean) (Hurrell et al. 2013) . Each experiment consists of a large number of ensemble members, specifically designed to quantify the contribution of internal variability to climate change projections (Deser et al. 2012) . The Community Atmosphere Model 5 (Conley et al. 2012) , the atmospheric component of CESM1, includes a three-mode (Aitken, accumulation, and coarse) aerosol scheme (MAM3) (Conley et al. 2012; Liu et al. 2012) . MAM3 simulates several aerosol species (sulphate, organic carbon (OC, primary plus secondary organic carbon), black carbon (BC), sea-salt, and dust) and calculates aerosol number concentrations and masses under the assumption that aerosols are 'internally mixed' (i.e. well-mixed mixtures of their component species). CESM1 has been shown to capture the observed geographical and temporal variations of aerosol properties (Liu et al. 2012; Hurrell et al. 2013) , and has been used in several studies focusing on climate extremes (Lin et al. 2015 Xu et al. 2015; Hagos et al. 2016; Wang et al. 2016) . Also, the model simulated twenty-first century climate is described in Hurrell et al. (2013) .
We utilize two sets of CESM-LE simulations in this study. Firstly, a 30-member ensemble of transient simulations driven by historical forcing during 1920-2005 and following the RCP8.5 pathway from 2006 to 2100 (Riahi et al. 2007; Van Vuuren et al. 2011 ). The RCP8.5 scenario assumes a global annual mean radiative forcing of 8.5 W m −2 by 2100 relative to pre-industrial times. Each of the 30 members have the same forcing trajectory but start from randomly perturbed initial atmospheric conditions (Kay et al. 2015) . Secondly, a 15-member ensemble of simulations with the same time-varying forcing as RCP8.5 but with fixed aerosol/precursor emissions at 2005 levels (hereinafter RCP8.5_FixA for short) (Lin et al. 2015; Xu et al. 2015) . Note, however, that aerosol concentrations in RCP8.5_FixA do evolve slightly regional: differences up to 5-10% by 2010 (Lin et al. 2015) due to transport and removal processes associated with the different climate. Under RCP8.5_FixA, the net warming is primarily due to changes in GHGs with minor contributions from other factors such as land use changes (Xie et al. 2013; Shindell et al. 2015; Paul et al. 2016) . Therefore, we hereinafter refer to changes under RCP8.5_FixA as GHG effects. Assuming linearity in the combined responses, the difference between RCP8.5 and RCP8.5_FixA represents the climate effect due to time-evolving anthropogenic aerosol emissions. Note although non-linear interactions between GHGs and aerosol exist, we still attribute them to aerosol effects as such non-linearity emerges only when additional anthropogenic aerosols are present.
In addition to the output from the CESM1 experiments, we made use of observational datasets to evaluate the present-day model climatology. Daily precipitation from the Asian Precipitation Highly-Resolved Observational Data Integration Towards Evaluation (APHRODITE; Yatagai et al. 2012 ) dataset at 0.5° × 0.5° resolution (interpolated to the model grid) was used to compute observed mean and extreme precipitation over the Asian Monsoon Region. APHRODITE is the only long-term (1951-onward) continental-scale product that makes use of a dense network of daily rain-gauge data for Asia (Yatagai et al. 2012) . Additionally, the model simulated mean surface air temperature and 850 hPa winds were compared to those from the NCEP/NCAR reanalysis (Kalnay et al. 1996) at 2.5° × 2.5° resolution.
Given the complex interplay and the existence of major differences in the underlying mechanisms between the two main sub-components of the Asian monsoon, the South Asian and East Asian monsoons (Yihui and Chan 2005) , the analysis is performed separately for South (5°-30°N, 65°-100°E) and East (20°-50°N, 100°-145°E) Asia (Giorgi and Francisco 2000) , as defined in Fig. 1 . Extreme precipitation is characterised by four indices chosen from those defined by the Expert Team on Climate Change Detection and Indices (ETCCDI) (Alexander et al. 2006; Zhang et al. 2011) , described in Table 1 . This study focuses on the Northern Hemisphere summer (June-July-August, hereinafter JJA), when the monsoon is fully established over Asia (Wang 2006) . All the precipitation indices are computed over JJA at each land gridcell for all the ensemble members of the two scenarios.
To isolate aerosol effects, we also compute the difference between the mean of the two ensemble members, while their statistical significance is evaluated by the non-parametric Mann Whitney U test (Chu et al. 2010) . Future change of each precipitation index is calculated as an anomaly relative to the 1986-2005 mean baseline. Note that area-averaged quantities are computed by using landonly points. To produce time series of the index over SA and EA, each index is spatially averaged for each year of each ensemble member, and the ensemble median and spreads (5th-95th percentiles) for each year are provided. To produce spatial anomaly maps, the index in each gridcell is annually averaged throughout the time interval (e.g. 2031-2050) for each ensemble member. Then, the two ensemble sets of annually averaged maps (30 for RCP8.5 and 15 for RCP8.5_FixA) are used to calculate the statistical significance of the difference, and averaged across each set of ensemble members to produce the ensemble mean RCP8.5 and RCP8.5_FixA maps and their differences. 
Model evaluation: present-day climate and precipitation extremes
The performance of CESM1 in capturing climate extremes has been evaluated over the globe (Kharin et al. 2013; Sillmann et al. 2013a ) and local regions such as China ). To provide a further indication of the performance of the CESM-LE in reproducing precipitation extremes over the Asian monsoon region, we compare climatology fields and precipitation extremes derived from CESM-LE to observations/reanalysis during 1986-2005. Figure 1 shows a comparison between observed and simulated JJA surface air temperature and 850-hPa winds. The model shows agreement with the reanalysis in capturing both the spatial pattern and the magnitudes of temperature as well as winds. The major monsoon trough over the South China Sea (SCS), the subtropical anti-cyclonic circulation with strong south-westerlies from the Indian Ocean that converges over the SCS with the easterlies from the tropical Pacific, and also the higher latitude westerlies are all notable features well represented by CESM1. Figure 2 compares observed and simulated seasonal (JJA) mean and standard deviation of daily precipitation. Generally, both the climatological mean and variability are captured reasonably well by the model, although when the model is averaged over the whole region it tends to produce overestimates. Such overestimates are most significant over the Himalayas-Tibetan plateau, southern India and Northeast China (Fig. 2e, f) . On the contrary, precipitation is underestimated over central India and a large proportion of South China. Quantitatively, a positive bias in mean precipitation of 0.95 mm day −1 (19%) and 1.56 mm day −1 (23%) is found over SA and EA, respectively; while the bias for precipitation variability is respectively 1.21 mm day − 1 (14%) and 1.01 mm day −1 (12%). In addition, a comparison of historical changes (1986-2005 minus 1951-1970) in precipitation extremes between the model and APHRODITE was carried out (Fig. S1 ). There exist similarities between the model and APHRODITE in capturing these historical changes, with significant differences though. It should be noted that detailed reproduction of observed changes in extreme indices is particularly challenging for a model, and some biases are inevitable and to be expected. Note that these findings are consistent with recent multi-model evaluations (Ashfaq et al. 2017) , which deemed CESM1 to be among the best performing models in simulating a number of features of the South Asian monsoon. Albeit incomplete, the above analysis shows that CESM1 captures the key climatological features of the Asian summer monsoon, which provides a solid foundation for using it to investigate precipitation changes and extremes. Figure 3 shows the precipitation extreme indices (RX5DAY, R10, CWD, and R95P) averaged throughout 1986-2005 for the ensemble mean of CESM1 as well as APHRODITE. In general, the model can reproduce these indices well although some biases are found regionally. The probability distribution functions (PDFs) for these extreme indices over SA and EA throughout 1986-2005 , calculated from APHRODITE and the CESM1 ensemble members in Fig. 3 , demonstrate that the model-simulated historical precipitation extremes generally agree with APHRODITE. However, the model tends to produce slight overestimates. Furthermore, with the exception of CWD over EA, all of the four precipitation extreme indices over EA and SA are greater than over the rest of the Asian Continent. This indicates that at present EA and SA feature relatively more extreme precipitation compared to their surroundings. This is also noted by CMIP5 studies (Sillmann et al. 2013a ) and observations (Alexander et al. 2006) . In summary, we conclude that CESM1 is a viable tool to study precipitation extremes over the AMR.
Future projections to 2100
This section describes the spatio-temporal evolution of the selected precipitation indices following the RCP8.5 scenario, as well as the contribution of anthropogenic aerosol changes represented by the difference between RCP8.5 and RCP8.5_FixA. We start by describing the future evolution of anthropogenic aerosol/precursor emissions and the resultant variations in aerosol burdens under the two scenarios in Sect. 4.1. Next, changes in precipitation and precipitation extremes due to aerosols are discussed in Sect. 4.2. Finally, Table 1 . Third column (SA) and fourth column (EA) show probability density functions (PDFs, %) based on the spatially resolved data for each CESM1 ensemble members (grey lines), the ensemble mean (black line), and APHRODITE (red line) (all at the model resolution of 0.9° × 1.25°) Sect. 4.3 investigates the physical mechanisms driving these changes, by examining aerosol induced changes in cloud properties, radiation budgets, as well as thermodynamic and dynamic fields. Future changes of precipitation indices are presented as differences with respect to the baseline (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) .
Changes in aerosol emissions and burdens
The RCP scenarios assume increasingly more stringent anthropogenic aerosol mitigations with time, including a substantial reduction of sulphur dioxide (SO 2 ), BC and OC emissions (Gillett and Von Salzen 2013) . Figure 4 shows the time evolution (2006-2100) of summertime anthropogenic aerosol emissions for the RCP8.5 pathway together with the CESM1 simulated aerosol burdens over the AMR, EA and SA. Given the short aerosol residence time in the atmosphere, it is not surprising that temporal changes in aerosol burdens closely follow those of emissions. As such, we hereinafter discuss only aerosol burdens unless otherwise specified.
Changes in sulphate aerosol (SO 4 are selected to show contrasting aerosol effects. Relative to RCP8.5_FixA, while BC, OC and SO 4 are projected to decline over EA during 2031-2050, SA shows increases in all three aerosol species, with peak relative increases of 26% (BC), 23% (OC) and 32% (SO 4 ) over the Indo-Gangetic plain. As a result, AOD differences between SA and EA up to 2031-2050 show changes with opposite signs, with an average increase of 0.04 for SA and an average decrease of 0.06 for EA. By 2081-2100, the aerosol burden over EA is predicted to dramatically decrease. For SA, in comparison, we still see increases in BC and OC, whereas SO 4 decreases slightly. The AOD pattern (Fig. 5g, h ), mostly attributable to sulphate aerosol, shows reductions over EA (− 0.074 on average) and East China (well below − 0.20) in particular, but relatively minor decreases over SA (− 0.006 on average) by 2081-2100.
Changes in precipitation and precipitation extremes
The temporal evolution of projected changes in summertime surface air temperature, mean precipitation as well as precipitation extreme indices under RCP8.5 and RCP8.5_FixA over EA and SA are provided in Figs. 6 and 7 respectively. The spatial pattern of mean precipitation anomalies relative to the 1986-2005 climatology are presented in Fig. 8 , while Fig. 9 shows the spatial patterns of the aerosol-induced differences in the precipitation extreme indices averaged over 2031-2050 and 2081-2100. Also see Fig S2 for the relative percentage changes in precipitation extremes. Under RCP8.5, where both GHGs and aerosols (Figs. 4, 5 ) change significantly, temperature increases rapidly with time, with a net warming by 2100 of up to 5.8 K over EA (Fig. 6a ) and 4.4 K over SA (Fig. 7a) . Accompanying the warming there is also an evident increase in mean precipitation, RX5DAY, R10 and R95P over both regions, whereas CWD increases in EA but decreases in SA. In the following sections, we focus on the difference between RCP8.5 and RCP8.5_FixA to isolate the effects of aerosols on variations in mean and extreme precipitation indices.
Changes in mean precipitation
Over EA, the net warming (Fig. 6a ) associated with aerosol reductions becomes progressively larger over time. In comparison, increasing aerosol loading over SA (Figs. 4c, 5 ) does not produce an appreciable temperature change before 2040 (Fig. 7a ). This can be because the cooling induced by sulphate aerosol increases is quite limited and is offset by the warming due to increases in absorbing aerosols (BC mainly). From 2040 onward, however, the net warming due to aerosol reductions becomes evident over both SA and EA, although the latter features large model internal variability. Changes in mean precipitation (Figs. 6b, 7b) show generally consistent trends with warming, but features a wide ensemble spread, especially over SA (Fig. 7b ). There are relatively larger model internal spreads in all precipitation indices compared to temperature, although statistics indicate that aerosol changes induce changes in mean and extreme precipitation indices that are significant. The relatively larger model internal spread in precipitation indices is related to the heterogeneous nature of the precipitation response while the seasonal mean temperature responses have a more uniform spatial structure. Notably, warming induced by aerosol reductions has a proportionally larger impact on mean precipitation than that induced by GHG increases. This can be clearly seen from 2060 onwards over both SA and EA. Over EA, the 1 K of warming from aerosol reductions by 2081-2100 is associated with a mean precipitation increase of approximately 0.5 mm day −1 , whereas 4 K of warming from GHG increases results in the same amount of mean precipitation increase. As for SA, similarly, the 0.5 K of warming from aerosol reductions has the same effects on mean precipitation as 3 K of warming from GHGs.
The spatial pattern of mean precipitation changes (Fig. 8c) shows that, by 2031-2050, aerosol reductions over EA lead mean precipitation to increase over a large proportion of Asia, whereas decreases are found over parts of the Himalayas-Tibetan Plateau. By 2081-2100, as shown in Fig. 8f , greater magnitudes of mean precipitation increases over a larger proportion of the AMR in accordance with additional aerosol reductions can be clearly seen. This is most pronounced over SE and E Asia. Moreover, over Eastern China under RCP8.5_FixA (Fig. 8b, e) , there exists an evident dipole in the mean precipitation featuring a precipitation decrease to the north and strong wetting to the south along with GHG induced warming. The dipole resembles the recently observed Southern-Flood-Northern-Drought ), c RX5DAY (mm), d R10 (days), e CWD (days) and f R95P (mm), calculated for RCP8.5 (red, 30 ensemble members) and RCP8.5_FixA (blue, 15 ensemble members).
Solid curves indicate ensemble medians and shadings are 5th to 95th percentiles spreads. Green stars indicate 95% (p value ≤ 0.025) statistical significance of the ensemble differences. Grey shadings highlight the time periods 2031-2050 and 2081-2100. Black horizontal line indicate no changes (SFND) pattern (Yu et al. 2010 ) which was found to be largely related to aerosol emissions (Jiang et al. 2013; Bartlett et al. 2016; Li et al. 2016a ). However, this SFND pattern is substantially reduced under RCP8.5 (Fig. 8a, d ), especially by 2081-2100 (Fig. 8d) , due to aerosol induced increases in mean precipitation (Fig. 8c, f) . Therefore, our results suggest that the SFND pattern might be alleviated with stringent aerosol emissions controls adopted in the future.
Changes in precipitation extremes
Figures 6, 7 and 9 show that, along with warming and mean precipitation increases because of aerosol changes, the associated changes in precipitation extremes become progressively more pronounced (with the exception of CWD over SA). Aerosol reductions lead RX5DAY to increase over a larger portion of the AMR from 2031 to 2050 (Fig. 9a) to 2081-2100 (Fig. 9b) . Given that RX5DAY represents the maximum magnitude of heavy precipitation over a 5 day period, changes in RX5DAY can be used as a proxy for flooding and related hazards (Frich et al. 2002; Sillmann et al. 2013b ). Therefore, changes in RX5DAY between RCP8.5 and RCP8.5_FixA suggest that heavy precipitation associated with natural disasters will be aggravated in the future with aerosol mitigations.
Aerosol reductions increase R10 significantly over EA (Fig. 6d) but relatively insignificantly over SA (Fig. 7d) with time. Clearly, during 2031-2050, there is a decrease in R10 over SA and the Tibetan Plateau but an increase over EA (Fig. 9c) , while aerosols increase over SA but decrease over EA (Fig. 5a-d ). This suggests that aerosol increases can reduce the frequency of moderate-to-heavy (≥ 10 mm day −1 ) precipitation events. What is noteworthy is that SA is projected to undergo relatively small aerosol increases coinciding with insignificant R10 decreases whereas EA sees a significant R10 increase associated with substantial aerosol mitigation. This suggests that R10 is sensitive to aerosol changes. Moreover, by comparing Figs. 8 and 9, it is clear that the aerosol induced changes in the spatial pattern of mean precipitation are very similar to that of R10. GHG increases result in CWD not changing much over EA (Fig. 6e ) but decreasing over SA (Fig. 7e) . Changing aerosols, by comparison, lead CWD to increase over EA but have little influence on CWD over SA. In addition, spatial differences in CWD (Fig. 9e, f) in general show opposite changes to AOD (Fig. 5g, h ), suggesting the sensitivity of CWD to aerosols. Furthermore, the total amount of extreme precipitation (R95P) increases significantly over both SA and EA with GHG induced warming, while aerosol reductions increase R95P significantly on top of GHG effects. Changes in precipitation extremes are primarily driven by shifts in mean precipitation (Fig. S3a,  c) , which lead the frequency of R10 and R95P to increase, and hence result in significant changes in these precipitation extreme indices. In contrast, changes in precipitation variability have minor contributions (Fig. S3b, d ) over both regions. Figure 10 displays PDFs of mean and extreme precipitation indices over SA and EA for the baseline time period (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) , as well as their future projections under the two scenarios. The PDFs are calculated using all ensemble members to ensure robustness. Note that the further to the right the PDF distribution is shifted, the more extreme the precipitation indices. Also see Fig. S4 in the supplementary file for the net contribution from aerosol reductions. There are similarities between the shift of the PDFs of mean and extreme precipitation, with again an exception of CWD over SA. Because of GHG increases under RCP8.5_FixA, the PDFs are flattened, and the mean value is increased. With aerosol reductions included, the shift of the PDFs is further reinforced: the moderate events and the lower part of the distribution are weakened while the higher values are further enhanced (also see Fig. S4 ). When compared to SA, the aerosol effects are more evident in EA-this is probably related to the larger aerosol reductions over EA by 2081-2100.
As shown in Figs. 6 and 7, the temporal evolution of summertime mean precipitation and extremes is related to the magnitude of warming. Therefore, we here investigate the percentage changes, relative to the 1986-2005 baseline, in spatially averaged precipitation indices in response to warming over SA and EA. The gradients of the changes against warming are obtained by regressing percentage changes in (top) and 2081-2100 (bottom). The hatches in c, f denote the 95% statistical significance of the ensemble differences precipitation indices to the net warming following Lin et al. (2016) , using 95 pairs (2006-2100) of data. For each year, the ensemble mean net temperature and precipitation indices changes are firstly computed, and net changes as a result of aerosol changes are isolated by contrasting the two ensemble means. The net changes in precipitation indices are then converted into percentage changes with respect to the baselines (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) before regression. Note however that here the net warming refers to local temperature increase rather than global as adopted by previous studies Wang et al. 2016) . The scatterplots and least square fits are shown in Fig. 11 , and the gradients together with ensemble uncertainties are summarized in Table 2 . All the precipitation indices show a linear increase with warming from both GHG and aerosol forcing, with an exception of CWD over SA. In detail, the gradient of the percentage change of mean (SA) and 2.8% K −1 (EA) due to GHGs. However, a stronger response of aerosol reductions alone over EA (8.8%) is found to be double that over SA (4.2%). Table 2 shows that aerosols play a stronger role than GHGs in modulating precipitation extremes over EA relative to SA. For instance, with 1 K of aerosol reduction induced warming, there is an 11% increase in RX5DAY over EA, double that due to 1 K of GHG-induced warming (5.3%). Similarly, over SA, RX5DAY increases by 11% K −1 for aerosol-induced warming, but only 7.5% K −1 for GHG-induced warming.
Responses of the Asian summer monsoon system
The following section analyses and discusses the overall response of the Asian summer monsoon system, i.e., beyond precipitation, to aerosol changes, focusing on the two selected time periods (2031-2050 and 2081-2100) . Differences in cloud properties: low-level (surface to 850 hPa) cloud fraction (Fig. 12a, b) , vertically integrated cloud droplet number concentration (CDNC, Fig. 12c, d) , total grid-box cloud liquid water path (CLWP, Fig. 12e, f ) and vertically averaged low-level cloud droplet effective Fig. 12g, h) , are firstly examined. Although some differences at sub-regional scales aredue to the multitude of small-scale processes at play, all the above variables show consistent patterns of changes at the large scale. There is a larger magnitude decrease in cloud cover over a wider region by 2081-2100 (Fig. 12b) compared to 2031-2050 (Fig. 12a) , due to larger aerosol reductions. Cloud changes are accompanied by a significant decrease in CDNC (Fig. 12d , up to − 60% over large parts of EA) and CLWP (Fig. 12f, up to -30%) . The above changes are suggestive of an overall important role of aerosol-cloud interactions in modulating the climate response over Asia: variations in aerosol emissions result in concurrent changes in CDNC, with the ensuing cloud-lifetime effect further leading to consistent variations in CLWP. Note however that CDNC is also dependent on environmental conditions, especially Fig. 11 Percentage changes of a, f PMEAN, b, g RX5DAY, c, h R10, d, i CWD, and e, j R95P versus local surface warming over SA (left) and EA (right). Red for greenhouse gases (GHGs) plus anthropogenic aerosols under RCP8.5, blue for GHGs and black for anthropogenic aerosols only. Solid lines represent the gradients of changes derived through the least square fitting with p-value over 0.99 the updraft velocity. More specifically, cloud condensation nuclei decreases lead to CDNC decreases because of reductions in cloud-active aerosols. With fewer cloud condensation nuclei, the conversion from cloud droplets into raindrops speeds up. These raindrops are precipitated efficiently, leading CLWP to drop substantially. Consequently, less cloud droplets are held in the clouds. The vertically average low level CDER (Fig. 12g, h ), as might be expected, sees therefore broadly opposite trends to CDNC and CLWP, although some local inconsistencies exist.
Variations in aerosol loading and cloud properties can be related to changes in radiation. Figure 13 displays changes in clear-sky shortwave flux at the surface (FSNSC, Fig. 13a, b) , all-sky shortwave flux at the surface (FSNS, Fig. 13c, d) , and surface evaporation (Fig. 13g, h ). Changes in FSNSC show general opposite trends to AOD (Fig. 5g, h ). This is indicative of surface dimming from the aerosol direct effect. Aerosol-cloud interactions, together with water vapour changes (Fig. 12e, f) , contribute to the difference between FSNS and FSNSC. For example, by 2081-2100, there is a widespread significant positive difference between FSNS (Fig. 13d) and FSNSC (Fig. 13b ) over EA where a substantial aerosol reduction occurs under RCP8.5. That is, aerosol-cloud forcing, i.e. aerosol reduction induced decreases in low-level cloud fraction (Fig. 12a, b) and CLWP (Fig. 12e, f) and hence cloud albedo (not shown), results in more shortwave radiation reaching the surface. Furthermore, aerosol reduction leads to a significant increase in surface evaporation (Fig. 13e, f) . This to some extent shows spatial agreement with precipitation changes (Fig. 8c, f) . In fact, careful comparisons between changes in evaporation and changes in mean precipitation indicate that evaporation changes appear to explain the precipitation changes over northern EA. However, it was noted that the largest precipitation changes occur over Southeast Asia but the radiative forcing changes a.re over the northern part. This implies that precipitation changes over southern SA are driven by other factors such as changes in dynamics.
Given the dominant role of atmospheric dynamics in the seasonal evolution of the Asian monsoon, an analysis of atmospheric circulation changes provides important insights into the fundamental mechanism governing the monsoon system. Figure 14 shows that aerosol forcing has a significant impact on the large scale monsoon circulation. By 2031-2050, a net warming of around 0.7 K associated with aerosol reductions can be found over EA. In contrast, owing to continued aerosol increases over SA, the magnitude of warming over the Indian continent and the Northern Indian Ocean is relatively smaller, around 0.3 K (Fig. 14a) . The SLP anomaly (Fig. 14c) features a strong anticyclone centred over NW India, developing as adjustment to increased regional aerosols and the muted warming compared to the neighbouring areas. This results in anomalous low-level north-easterlies over the Bay of Bengal and easterlies across S India, which obstruct the climatological south-westerlies from the Arabian Sea, and lead to anomalous moisture divergence (Fig. 14e) over Eastern India and the Bay of Bengal. Over EA, the large reduction in aerosols leads to a pronounced land warming compared to the ocean to the south and east, strengthening the land-sea thermal contrast, and to a collocated SLP reduction, reinforcing the climatological SLP gradient. As a result, the low-level south-westerlies are enhanced, and are accompanied by anomalous surface moisture convergence over a large part of EA and the South China Sea. In summary, by 2031-2050, aerosol reductions over EA and increases over SA result in a stronger East Asian summer monsoon circulation but a weaker South Asian summer monsoon circulation.
Atmospheric circulation changes are even more pronounced by 2081-2100, due to greater aerosol reductions over both SA and EA, thereby reversing and further continuing the trend during the first half of the twenty-first century, respectively. A distinct anomalous warming core, exceeding 1.5 °C, is located between north-eastern EA and Japan, resulting in a large reduction in SLP and an anomalous lower-tropospheric cyclonic circulation and associated anomalous northerlies over the EA land. This, as shown in Fig. 14f , impedes the north-eastward march of the moisture flux from the South China Sea to the land, leading to anomalous moisture divergence over the North China Plain but anomalous moisture convergence over South China and Southeast Asia. SA, on the contrary, sees reinforced monsoonal circulation most evident over the Northern Indian Ocean and the Bay of Bengal, along with larger SLP increases over the ocean than the land (Fig. 14d ). Moisture convergence anomalies over Southern India can also be seen. In summary, by the end of the century, with further aerosol reductions, the South Asian summer monsoon circulation is strengthened while the East Asian monsoon circulation is weakened. The above analysis indicates an interplay between aerosol effects on clouds and radiation and atmospheric dynamics in determining the mean seasonal precipitation change over Asia. Specifically, over northern EA despite ), and g, h vertically averaged low-level effective cloud droplet radius (CDER, micron), averaged over 2031-2050 (left) and 2081-2100 (right) . The hatches denote 95% statistical significance of ensemble differences a weaker atmospheric circulation and moisture divergence anomaly, precipitation increases due to the impacts of aerosol-radiation-cloud interactions on precipitation processes by 2081-2100. Conversely, over SA and southern EA, changes in precipitation by the end of the twenty-first century appear to be more directly linked to aerosol-induced changes in the large-scale circulation. This is supported by the enhanced moisture convergence anomalies which coincide well with changes in mean precipitation (compare Fig. 8f with 13f) , and insignificant changes in cloud features and radiation.
Discussion and concluding remarks
Detecting the influence of aerosols on present-day precipitation extremes has proven to be a challenging task so far, critically limiting our confidence in identifying the drivers of past variations in extremes and our ability to robustly project and understand future changes (Li et al. 2017b) . Internal variability of the climate system associated with atmospheric circulation has been recognised as a major hindering factor, as variability makes it hard to detect a signal amongst the 'noise'. Further, the Asian monsoon region is particularly sensitive to variations in precipitation, including extremes, due to the critical importance of precipitation for the agriculture and socioeconomic well-being of billions of people living there. Additionally, despite stringent emission controls in the near future, aerosol is likely to continue to play a major role in the coming decades over this region given the high present-day levels. This study addressed some knowledge gaps by making use of a large ensemble of coupled climate experiments for the twenty-first century under two different anthropogenic aerosol emissions scenarios. We investigated the roles of anthropogenic aerosols in future summertime precipitation extremes over the Asian ). The hatches denote 95% statistical significance of ensemble differences monsoon region, by comparing ensemble simulations under the RCP8.5 scenario to those also under RCP8.5 but with fixed global aerosol emissions at 2005 levels. Note throughout the article we attribute such differences between RCP8.5 and RCP8.5_FixA to anthropogenic aerosol changes. Of course, the results can also be interpreted as the emergence of an underlying GHG signal as aerosols reduce, given the context that aerosols mask GHG effects in the present-day climate. The responses of cloud properties, radiative forcing, as well as thermodynamics and dynamics fields to aerosol changes were also investigated to elucidate the possible governing mechanisms. Our key findings are:
• Under the future RCP8.5 pathway following aerosol emission controls, we would expect a warmer and wetter climate over the Asian monsoon region, compared to the fixed 2005 aerosol scenario. Consequently, the drying trend of the Asian monsoon during the historical period will be alleviated. Also, the recently observed "SouthernFlood-Northern-Drought" pattern over Eastern China will tend to reduce.
• Aerosol mitigation will lead to more severe precipitation extremes, including an increased likelihood of heavy precipitation related disasters during summertime over both SA and EA, more heavy precipitation days; more extreme precipitation and lengthier periods of consecutive wet days. There is a shift in the PDFs of precipitation extremes toward higher values over land by 2081-2100, over EA in particular.
• Aerosols induce much stronger responses in extreme precipitation indices compared to GHGs, for the same amount of local surface warming: almost double the effect, as also pointed out by related works (Samset et al. 2018; Lin et al. 2016) . We speculate that this is due to the higher aerosol efficiency than GHG in modulating solar radiation, surface energy fluxes, and cloud microphysics and dynamics, and hence induce stronger hydrological responses. Furthermore, the ratios between aerosol and , arrows). Note that SLP and circulation fields over the Tibetan Plateau are masked off GHG induced percentage changes of precipitation indices against local warming are larger over EA than SA.
• Aerosols generate a large response not only over the emission regions, but also far away. A representative example is over southern EA where precipitation increases, while aerosol reductions are more limited to the northern EA.
• The aerosol-induced imprint on precipitation changes appear to be mediated by different mechanisms over EA and SA, while aerosol-radiation-cloud interactions are the major contributor to the response over EA, atmospheric circulation changes dominate the response over SA.
Our results show that aerosol mitigation measures would increase precipitation in the future. This agrees with previous studies which concluded that the increasing anthropogenic aerosol forcing during the historical period, which was the dominant driver of the summer drying trend seen over the AMR, will be alleviated in the future with stringent aerosol emission legislations (Li et al. 2015) . In general, the South Asian summer monsoon circulation sees a weakening trend when aerosol emissions from SA increase during 2031-2050, but a strengthening trend when aerosol emissions reduce during 2081-2100. However, the East Asian summer monsoon circulation is projected to be reinforced during 2031-2050 with aerosol reductions, but weakened during 2081-2100 with additional aerosol reductions. The weakening of the East Asian summer monsoon circulation by 2081-2100 is driven by local thermodynamic and dynamic adjustments: the southward expansion of the Mongolia High towards northern China continent accompanying by an anomalous low over East and Northeast China and the adjacent oceans. This forces the Western Pacific Subtropical High (WPSH) to shift to south of the Yangtze River, and leads to the weakening of the East Asian summer monsoon circulation in northern and eastern land of China. This mechanism was also documented by previous studies [e.g. (Huang et al. 2007; Zhou et al. 2009)] .
We acknowledge some limitations of this study. First of all, the experiments used in this analysis do not allow us to investigate the impact of changes to individual aerosol species, as they are all varying simultaneously. Yet, changes in different aerosol species show slightly different trajectories in the future especially over the SA. Additionally, aerosol effects are isolated, by comparing RCP8.5 and RCP8.5_FixA, under the assumption that aerosol effects can be linearly added to other forcing agents. However, the non-linear interactions between GHGs and aerosols should be carefully noted. Also, despite the dominant role of local aerosols in determining the local responses, there can also be contributions from remote aerosols. E.g., localised AOD changes may give rise to localised radiative forcing, but these changes to the energy budget affect climate much more widely (Shindell and Faluvegi 2009) . Bollasina et al. (2014) found that local aerosols dominate precipitation changes over India while remote aerosols contribute as well over the late twentieth century. Guo et al. (2015 Guo et al. ( , 2016 indicated that remote aerosols contribute to changes in the large-scale background precipitation. In addition, this study is based upon only one model which has limitations in many aspects. For instance, the representation of aerosol effects, and especially the indirect effects. A caveat that needs to be clarified is that the cloud droplet lifetime effect in CAM5 has been recently questioned from observational evidence (Malavelle et al. 2017) . This was further investigated by Zhou and Penner (2017) who found that the increase of the liquid water path in CAM5 is caused by a large decrease of the autoconversion rate when cloud droplet number increases. As such, our results should be interpreted in the context of the structural limitation of CESM1, although the large ensemble experiments do provide a solid framework to provide information on internal variability.
To summarize, the CESM model indicates that major changes in anthropogenic aerosols over the coming century are likely to have significant impacts on precipitation extremes over Asia, and will likely further enhance the rainfall changes brought about by continued GHG increases. These projections have large uncertainties, related to poorly constrained model representations of certain processes, with different mechanisms operating in different regions. Given the consequences of these projected changes for society, constraining these uncertainties will be crucially important. Therefore, careful studies on the interactions between future Asian aerosol emissions trajectories and regional to largescale climate dynamics are critical for effective climate risk management in this highly populated and vulnerable region.
